ABSTRAm. Studies of intestinal enzyme development and regulation relevant to the human infant require an animal model with a rate of maturation similar to that of the human infant. Hanford miniature pigs were weaned at 3 days of age to a standard swine weaning formula. At 1, 2, 3, 4, 5, and 6 wk of age, duodenal jejunal, and ileal segments were analyzed for protein content and lactase, sucrase, maltase, glucoamylase, and acid P-galactosidase activities. Protein content of the small intestine changed significantly with age only in the ileum ( p < 0.05). Lactase activity fell significantly with age in all segments of the small intestine ( p < 0.001); activity was highest in the jejunum. Sucrase and maltase activities were present in all segments of the small intestine at 1 wk of age. Sucrase increased significantly (2-fold, p < 0.02) with age only in the ileum and maltase increased significantly with age in the jejunum (by 50%, p < 0.05) and the ileum (3-fold, p < 0.001). Activities were highest in the jejunum. Glucoamylase activity was present at 1 wk of age and showed a small but significant increase with age only in the duodenum ( p < 0.005). Acid 8-galactosidase activity demonstrated small but significant decreases with age in all small intestinal segments. Glucoamylase and acid 0-galactosidase activities were similar in all segments. In the 6-wk-old pigs, activities of all the enzymes tested were similar to those found in young human infants. Our data demonstrate that the small intestinal enzyme development of the infant miniature pig is more advanced postnatally than other more commonly used animal species. The degree of small intestinal maturation and the similar intestinal enzyme distribution compared with that of the human infant suggest that the infant miniature pig is an excellent model for studies of intestinal enzyme development and regulation. (Pediatr Res 23: 311-315,1988) Abbreviation PCMB, P-chloromercuribenzoate Clinically relevant studies of the development and regulation of intestinal enzymes in the human infant have been hampered
by the lack of an animal model with a comparable rate of maturation. Previous laboratory investigations have made extensive use of the rat, mouse, and rabbit, animals in which the major developmental changes in digestive enzymes, such as disaccharidases, are found postnatally (1) (2) (3) (4) . By contrast, sucrase and maltase activities in the human newborn are at levels comparable to those found at maturity (5) . Thus, findings regarding the modulation of small intestinal enzymes in the animal species cited may have little relevance to the human.
The pig is a logical candidate for studies of intestinal enzyme development because of similarities to the human in relation to intestinal anatomy and nutritional requirements (6) (7) (8) . Previous studies of pig intestinal enzyme activity indicate a level of intestinal maturity at birth which is intermediate to that of the species named above and the human (9, 10) . Much variability has been noted, however, in the rate of maturation of intestinal enzymes in the pig (9) (10) (11) (12) . The variability probably is due to the wide variety of strains used (1 1, 12) . In recent years, various breeds of miniature pigs have been developed specifically for scientific investigations. These small pigs offer ease of handling and decreased cost when compared with full-size animals. Intestinal enzyme development, however, has not been characterized previously in the miniature pig.
Herein we have ascertained that the maturation of intestinal enzymes in the newborn Hanford miniature piglet is substantially more advanced than that in infant rats, mice, and rabbits. Indeed, the intestinal enzyme activity of the piglet bears a striking resemblance to that found in the human newborn. These data suggest that the miniature piglet is an excellent animal model for studies of intestinal enzyme development and regulation.
MATERIALS AND METHODS

Animals. Hanford miniature pigs (Charles River Breeding
Laboratories, Wilmington, MA) were weaned at 3 days of age to a standard swine weaning formula (Soweena, Memck's, Union Center, WI). At 1 wk of age, the animals were switched from the liquid formula to the pellet form of the same diet as recommended by the manufacturer. The liquid and pellets are comparable in composition to sow milk in terms of protein, fat, and carbohydrate (lactose) content (1 3). The piglets were shipped to our facility 2 to 4 days before our study began. From two to four animals were housed in each cage and were allowed free access to water and feed. The temperature of the room was maintained at 26" C with a 12-h light cycle (0600 to 1800 h). Heating mats (Nasco, Ft. Atkinson, WI) were placed in the cages to maintain the local temperature between 32 to 35" C. The animals were weighed daily to the nearest gram on an electric balance (Sartorius, Goettingen, Germany).
Tissue collection. opened and the entire small intestine was quickly removed and placed in ice-cold saline. The intestine from the pylorus to the pedtoneal reflection (analogous to the ligament of Treitz) was defined as the duodenum. The remaining small intestine was divided equally into proximal (jejunum) and distal (ileum) portions. Because of the large length of intestine, the duodenum, jejunum, and ileum were further cut into three equal segments. The middle segment of each was used for analyses. The segments were rinsed thoroughly with ice-cold saline, opened length-wise, and blotted dry. The mucosa was removed by scraping with a glass slide and frozen in liquid nitrogen in preweighed containers. The containers were reweighed to the nearest 0.1 mg and stored at -20" C. Analyses. After homogenization in deionized water, the mucosa was assayed for lactase, sucrase, and maltase activities as previously described (14, 15) . In brief, after the homogenate was incubated at 37" C with the appropriate substrate, the liberated glucose was measured using a glucose oxidase reagent (Worthington Statzyme 500, Cooper Biomedical, Freehold, NJ). PCMB was used in the lactase assay; preliminary studies had shown that in the absence of PCMB, lysosomal hydrolysis accounts for approximately 12% of lactase hydrolysis (1 6). Glucoamylase activity was measured by the method of Eggermont (17) as modified by Galand and Forstner (18) . Acid P-galactosidase activity was measured using the technique described by Koldovsky and Sunshine (19) . Protein content was determined using the method of Lowry et al. (20) .
Statistics. Changes in enzyme activity with age were assessed using regression analysis. Differences in enzyme activity between intestinal segments were determined by a repeated measures analysis of variance using animal and gut segments as factors to compare the mean enzyme activities of the three segments. A multiple comparison procedure (Bonferroni) was then used to make pair-wise comparisons between intestinal segments. Enzyme activity was expressed per g of protein (i.e. specific activity) except where noted.
RESULTS
The amount of small intestinal mucosa in the duodenum, jejunum, and ileum increased proportionally with the weight (Table 1 ; duodenum, jejunum, and ileum: p < 0.001) and age (Table 1 ; duodenum, jejunum, and ileum: p < 0.001) of the piglets. The increase in mucosal weight was proportionally greater than the increase in body weight. The amount of protein per wet weight in the duodenal and jejunal mucosa did not change significantly between 1 and 6 weeks of age (Table 2) . A significant ( p < 0.05) increase with age was found in the ileal protein content (Table 2) . Lactase specific activity (Fig. I ) declined significantly with age in all regions of the small intestine (duodenum, jejunum, and ileum: p < 0.001). Lactase activity was highest in the jejunum (versus duodenum, p < 0.00 1 ; versus ileum, p < 0.00 1).
Sucrase activity (Fig. 2) was present at 1 wk of age in all regions of the small intestine and showed an approximate 2-fold increase in activity in the ileum by 6 wk of age ( p < 0.02). Activity in the duodenum and jejunum did not change significantly with age.
Activity was highest in the jejunum (versus duodenum, p < 0.00 1 ; versus ileum, p < 0.00 1).
Maltase activity (Fig. 3) was also present at 1 wk of age; enzyme activity showed a small but significant increase with age in the jejunum and ileum ( p < 0.05 and p < 0.00 1, respectively). Activity was highest in the jejunum (versus duodenum, p < Glucoamylase activity (Fig. 4) showed no significant change with age; activity was similar among the segments of duodenum, jejunum, and ileum. Acid P-galactosidase activity (Fig. 5 ) demonstrated a small but significant decrease with age in all regions of the small intestine (duodenum: p < 0.02, jejunum: p < 0.02; ileum: p < 0.05). Activity was similar among the segments.
DISCUSSION
Although our study demonstrated postnatal alterations in disaccharidase activity in the miniature pig, the magnitude of the changes was much less than that found in other laboratory fold during the first 4 wk of life in contrast to the miniature pig which demonstrated a 2-fold decrease (2) . The rat, mouse, and rabbit show little or no sucrase activity at 1 wk of age (1-4). They have barely detectable sucrase activity at 2 wk of age, whereas by 6 wk, the activity has increased 25-to 100-fold (3, 4) . In comparison, the miniature pigs demonstrated sucrase activity at 1 wk of age which was generally more than half that found at 6 wk. Maltase activity followed a similar pattern. Postnatal changes in sucrase and maltase activities in the human are not significant (5) . Our results demonstrate that the small intestine of the miniature pig, compared with that of the rat, mouse, or rabbit, achieves a level of maturation after birth that is much more comparable to that of the human.
In the human, glucoamylase and acid 6-galactosidase activities do not change after birth (21, 22) . To our knowledge, data are not available about developmental changes in glucoamylase activity in the rat, mouse, or rabbit. Acid P-galactosidase activity in the rat, however, shows a sharp decline postnatally (19) . The similar postnatal increase in the activities of sucrase, maltase, and to a degree, glucoamylase found in the miniature pig is not unexpected because these enzymes share some homology in their specificities for substrates (23) .
The jejunal activities of the disaccharidases, glucoamylase, and acid P-galactosidase in the 6-wk-old pigs were similar to those found in young human infants. The jejunal activities of lactase and sucrase were similar to those found in adults (i.e. lactase- (2 1, 22, 24) . In contrast, jejunal disaccharidase activities in the mouse between 4 and 5 wk of age, and jejunal acid P-galactosidase activity in the rat between 8 and 9 wk of age are generally lower than those in young human infants (2, 19, 21) .
The distribution of the enzyme activities along the gastrointestinal tract of the pig was similar to that found in infant and adult humans (5, 25, 26) . Lactase activity was highest in the jejunum and lowest in the ileum, whereas sucrase activity was highest in the jejunum and lowest in the duodenum. Maltase activity was highest in the jejunum, but more evenly distributed along the small intestine than was that of lactase and sucrase. Glucoamylase activity was similar among the small intestinal segments. Acid P-galactosidase activity in the miniature pig, as in the human, tended to be higher in the upper small bowel in contrast to that of the rat, where the activity is greatest in the ileum (19, 21) .
The activities and the developmental patterns of the disaccharidases in the miniature pig demonstrated some similarity to those found in some studies of full-size pigs. The fall in jejunal lacfase activity found in our study was similar to that descI;ibed 
in full-size pigs (9-1 1). In contrast to our findings in miniature pigs, full-size pigs have been shown to have significant rises (2- to 3-fold) in jejunal sucrase activity after birth (9, 11) . In a study by Aumatire and Coming (9), jejunal maltase activity in full-size pigs rose between birth and one week and then fell somewhat between 2 and 4 wk. The ideal animal model for the study of small intestinal enzyme development should have the same developmental pattern as the human, be easy to manipulate technically, be inexpensive to maintain, and have large litters so that animals can be randomized to different treatment groups. Currently, no animal model meets all these criteria. The miniature pig, however, is sociable, easily trained, small, relatively inexpensive to house, and has a litter size of six to eight animals (6) (7) (8) . Furthermore, the digestive physiology, gastrointestinal anatomy, and nutrient requirements of the pig are comparable to those of the human (6) (7) (8) 27 ). The larger size of the infant miniature pig compared with that of rats, mice, and rabbits also allows for both easier prenatal and postnatal studies of factors affecting small intestinal enzyme maturation and small intestinal growth. The miniature ,pig can be rapidly weaned after birth or can even be fed intravenously permitting the study of the effect of different diets on intestinal maturation and growth (28) . We conclude, therefore, that the infant miniature pig is a more appropriate and practical model for the human infant than the rat, mouse, or rabbit, species commonly used in studies of intestinal digestive enzyme development.
